There is concern that dental-resin materials directly loaded on a prepared tooth adversely affect dental pulp tissue by releasing the resin chemicals through dentinal tubes. This study determined whether self-curing polymethyl methacrylate (PMMA)-based dental resin extract adversely affected the viability and function of odontoblast-like cells and whether the cytotoxicity of this resin, if any, could be eliminated by N-acetyl cysteine, an antioxidant amino acid derivative. Odontoblast-like cells isolated from rat maxillary incisor dental pulp tissue were exposed to a PMMA resin extract with or without N-acetyl cysteine for 1 h and then cultured in osteoblastic media. The percentage of viable cells 24 h after seeding was 20% in cells exposed to the resin extract without N-acetyl cysteine, whereas 45% of cells were viable after exposure to the N-acetyl cysteine-supplemented extract. The cells that had been exposed to the extract showed a strong tendency for apoptosis associated with the increased reactive oxygen species production and decreased intracellular glutathione level, which was improved by the addition of N-acetyl cysteine. N-Acetyl cysteine supplementation almost completely restored the significantly reduced alkaline phosphatase activity and matrix mineralization by the resin extract. These results conclusively demonstrated that exposure of odontoblast-like cells to the resin extract impaired the cell viability and function and, more intriguingly, N-acetyl cysteine supplementation to the extract significantly prevented these toxic effects.
Introduction
Self-polymerizing poly-methylmethacrylate (PMMA)-based dental resin, which consists of a polymer powder and a liquid monomer, is one of the most frequently-used materials in dentistry. PMMA resin is often loaded directly onto prepared teeth for fabricating temporary tooth crowns. There have been concerns that chemical substances, released from the resin during and after polymerization, biologically affect dental pulp cells/tissue through exposed dentinal tubules. methacrylate (HEMA) caused cell death and impaired the expression of cellular phenotype in human dental pulp stromal cell culture. 5 Oxidative stress caused by endogenous reactive oxygen species (ROS) generated by the chemical stimulation of released resin substances from a polymerized resin has been cited as an important mechanism underlying these biological adverse effects of resin materials. 2, 6 Likewise, selfpolymerizing PMMA-based dental resins have been recently found to show crucial toxic effects on dental pulp cells in association with a disturbance of intracellular redox systems. 7, 8 In our previous study, culturing rat odontoblast-like cells directly on the commercial PMMA dental material resulted in the decrease of cell viability and the near complete suppression of odontoblast-like cell functions. 9 However, it is still unknown if PMMA dental resins exhibit their cytotoxicity on odontoblast-like cells under clinically relevant situations (i.e. on exposure to PMMA resin extract, but not in a direct contact with the polymerized resin). More importantly, the methodology to ameliorate the toxicity of PMMA resin has not been fully explored despite its clinical relevance.
N-Acetyl cysteine is an antioxidant cysteine derivative and is also metabolized into glutathione that, in turn, is a strong intracellular antioxidant. 2, 10, 11 Accordingly, Nacetyl cysteine not only acts as a direct oxidant scavenger, 12 but also improves intracellular glutathione systems compromised by oxidative stress. 12, 13 This study aimed to determine whether autopolymerizing PMMA resin extract adversely affected the viability and function of odontoblast-like cells derived from rat dental pulp tissue and, if so, whether supplementing PMMA extract with N-acetyl cysteine eliminates the extract-induced cytotoxicity and restores cell function.
Material and methods

Preparation of PMMA extract
A commercial self-cured PMMA-based dental resin (Unifast II; GC, Tokyo, Japan) was prepared by mixing the powder and liquid components on the bottom of a Falcon 50-ml conical tube (BD Biosciences, MD, USA) for 15 s according to the manufacturer's instructions (powder/liquid ratio of 0.6 g/0.4 g). After 3-5 min of polymerization, 5 ml of alpha-modified Eagle's medium (α-MEM; Gibco BRL Division of Invitrogen, Gaithersburg, MD, USA) without serum was added and incubated for 1 h at 37ºC. The area of resin surface exposed to the medium was estimated at 38.5 mm 2 . N-Acetyl cysteine (Sigma; St Louis, MO, USA) was prepared as a 1 mol/ml stock solution by mixing a powder form of Nacetyl cysteine in HEPES buffer (Sigma). The pH of the N-acetyl cysteine-stock solution was adjusted to 7.2. Experimental groups in which different molar concentrations of N-acetyl cysteine were added to the extract (0 mM, 2.5 mM, 5.0 mM and 7.5 mM of extract volume) were examined. At 37ºC in 5% CO 2 /95% air, the pH of the extract was within 7.1-7.2 regardless of the N-acetyl cysteine-concentration.
Cell culture
Odontoblast-like cells were isolated from dental pulp tissue of the upper-central incisors of 8-week-old male Sprague-Dawley rats and expanded in 100-mm diameter culture dishes as described previously, 14 and the cells were passed twice. At 80% confluence, the cells were trypsinized and centrifuged. The pelleted cells were incubated in a PMMA extract with or without N-acetyl cysteine for 1 h in 95% air and 5% CO 2 at 37ºC. To examine the effect of N-acetyl cysteine exposure on cell viability and function in the resin extract-free environment, we also prepared cells suspended in α-MEM containing N-acetyl cysteine at final concentrations of 2.5 mM, 5.0 mM, or 7.5 mM N-acetyl cysteine. After the 1-h incubation, the cells were centrifuged again and seeded (3 × 10 4 cells/cm 2 ) into 12-well culture-grade polystyrene plates containing α-MEM supplemented with 10% fetal bovine serum, 50 mg/ml ascorbic acid, 10 mM Na-β-glycerophosphate, 10 -8 M dexamethasone, and an antibiotic/antimycotic solution. Cells incubated in medium without the extract were used as an untreated control. The culture medium was renewed every 3 days with the normal media not containing the PMMA extract or N-acetyl cysteine, i.e. cells were exposed to the PMMA extract or N-acetyl cysteine once. This study protocol was approved by the University of California at Los Angeles Chancellor's Animal Research Committee.
Cell viability analysis
The viability of the odontoblast-like cells was evaluated 24 h after seeding by flow cytometry using an apoptosis detection kit (Annexin V-FITC Kit; BD Bioscience, San Jose, CA, USA). The method is based on the binding of annexin V to phosphatidylserine and on the DNA-intercalating capability of propidium iodide. The collapse of mitochondrial membrane potential (∆Ψm) and activation of caspase 3 and caspase 7, typical apoptotic indicators, were determined by a simultaneous dual-staining kit (MitoCasp; Cell Technology, Mountain View, CA, USA) in combination with a flow cytometer. Active caspase staining is based on binding of carboxyfluorescein (FAM)-labeled fluoromethyl ketone (FMK) peptide and active caspase 3 and caspase 7. Mitochondrial membranepotential collapse was detected by a cationic dye that accumulated in the mitochondria in proportion to the membrane potential. Caspase 3/7-activated cells or the mitochondrial membrane-potential (∆Ψm) collapsed cells were defined as FAM-positive cells or cationic dye-negative cells, respectively. The cells that had been exposed to the resin extract with or without N-acetyl cysteine or the untreated cells were tested after 24-h incubation.
Quantification of intracellular ROS level and glutathione concentration
The total glutathione concentration in the cultures was quantified by 5,5′-2-nitrobenzoic acid colorimetry (DTNB; Dojindo Molecular Technologies, Gaithersburg, MD, USA). The intracellular ROS levels were assessed by 5-(and-6)-carboxy-2′,7′-dichlorofluorescein diacetate fluorimetry (carboxy-DCF-DA; Invitrogen, Gaithersburg, MD, USA). The cells that had been exposed to the resin extract with or without N-acetyl cysteine and the untreated cells were tested after 24-h incubation.
Proliferation assay
Proliferative activity was measured in day-2 cultures by the colorimetric quantification of bromodeoxyuridine (BrdU) incorporation of DNA (Roche Applied Science; Indianapolis, IN, USA). The total number of cells in the same culture was also counted with a hematocytometer to calculate the proliferative activity per cell.
Quantification of alkaline phosphatase activity and matrix mineralization
To evaluate the alkaline phosphatase (ALP) activity of cells after exposure to the resin extract with or without N-acetyl cysteine or the various concentration of Nacetyl cysteine without the resin extract, ALP staining and the quantification of ALP enzymatic activity were performed on days 5 or 8 of culture. The cultures were stained using the azo-dyes method as previously described in detail.
14 The stained images were analyzed for their ALP positive area (%), which was defined as (stained area/total dish area × 100) using a digitized image analysis system (Image Pro-plus, Media Cybernetics, Bethesda, MD, USA). The cultures were subsequently nuclear stained with methylene blue to visualize microscopically the ALP activity in a cell colony unit. ALP enzymatic activity was determined by p-nitrophenyl-phosphate colorimetry (Wako Chemicals USA, Inc., Richmond, VA, USA).
To determine the mineralizing capability of the dental pulp cells after exposure to the resin extract, day-14 culture was subjected to von Kossa staining as described previously.
14 The von Kossa positive area was evaluated as described for ALP staining.
Statistical analysis
For all experiments, three independent cultures were evaluated in each group and there were at least three replicates in each experiment using different batch of the cells. All repeated measurements were expressed as mean ± SD and significant differences (P < 0.05) among the experimental groups were evaluated by one-way ANOVA and a post hoc Bonferroni comparison.
Results
Prevention of PMMA extract-induced apoptosis by N-acetyl cysteine
Flow cytometric analysis revealed that the percentage of viable cells and the percentage of late apoptotic cells after 24-h incubation were significantly affected among the experimental groups (one-way ANOVA, P < 0.01; n = 3). The percentage of viable cells decreased to 19.7 ± 2.51% in cells exposed to the resin extract in contrast to untreated controls (78.2 ± 6.44%; (Bonferroni, P < 0.01; n = 3; Fig. 1A ). Adding Nacetyl cysteine to the PMMA extract increased the percentage of viable cells in the culture in a concentration-dependent manner (the PMMA extract with 5.0 mM N-acetyl cysteine, 39.4 ± 0.75%; with 7.5 mM N-acetyl cysteine, 46.6 ± 1.61%). Over 65% of the cells exposed to the resin extract showed late apoptosis (67.3 ± 5.12%) that was dose-dependently reduced to less than 40% by adding N-acetyl cysteine (the PMMA extract with 5.0 mM N-acetyl cysteine, 38.0 ± 7.86%; with 7.5 mM N-acetyl cysteine, 34.1 ± 2.57%). There were no significant differences in the percentage of early apoptotic cells among groups (untreated, 4.67 ± 4.37%; the PMMA extract, 5.77 ± 2.96%; the PMMA extract with 5.0 mM N-acetyl cysteine, 13.8 ± 5.96%).
Exposure to the resin extract caused a collapse of ∆Ψm and activated caspases 3 and 7 in the culture 24 h after seeding (Fig 1B) . The percentage of ∆Ψm-collapsed cells increased over 2-fold in cells exposed to the resin extract (97.3 ± 0.80%) compared to the untreated control (43.6 ± 2.89%; Bonferroni, P < 0.01; n = 3). Adding N-acetyl cysteine to the cultures restored viability to the levels observed in the untreated cultures (46.0 ± 2.82%). Likewise, the cells that had been exposed to the extract (14.5 ± 4.08%) showed a 3-fold increase in the percentage of caspase-activated cells in comparison with the untreated culture (4.95 ± 1.54%; Bonferroni, P < 0.01; n = 3). The addition of 5.0 mM N-acetyl cysteine prevented this resin extract-induced caspase activation (3.55 ± 0.17%).
Amelioration of PMMA-extract induced intracellular redox imbalance by N-acetyl cysteine
Intracellular ROS generation 24 h after seeding ( Fig.  2A ) was elevated by 70% in cells that had been exposed to the extract compared to the untreated culture (Bonferroni, P < 0.01; n = 3). However, N-acetyl cysteine decreased the intracellular ROS level dosedependently to that seen in the untreated control. Total glutathione 24 h after seeding was reduced by 65% compared to the untreated culture (Bonferroni, P < 0.01; n = 3). N-Acetyl cysteine restored the glutathione levels in a dose-dependent manner to 80% of the untreated cultures (Fig. 2B) .
Redox
Effects of exposure to PMMA extract on cell density and proliferation
The cell density was significantly affected among the experimental groups (one-way ANOVA, P < 0.01; n = 3). The cell density in the day-2 cultures exposed to the resin extract was 60% of the control culture (Bonferroni, P < 0.01; Fig. 3A ). Cells supplemented with N-acetyl cysteine increased to numbers similar to the control culture. However, the cell-proliferating activity, the amount of BrdU incorporation divided by cell numbers, was not different among the groups (Fig. 3B) .
Restoration of the PMMA extract-impaired cell function by N-acetyl cysteine
On day 5, the ALP-positive area in the cells exposed to the resin extract (5.24 ± 0.14%) was one-third of the untreated control (16.6 ± 0.88%; Bonferroni, P < 0.01; n = 3). N-Acetyl cysteine increased the ALP-positive area up to 15% in a dose-dependent manner (Fig.  4A,B) . Microscopic images of the ALP-methylene blue dual-staining cultures revealed low ALP activity in the cells exposed to the resin extract despite dense cell aggregation. By contrast, cells exposed to N-acetyl cysteine-supplemented extract as well as the control cells exhibited strong and extensive ALP activity (Fig.  4A) . The chemically quantified ALP activity in cells exposed to PMMA extract was one-half that of the control cells (Bonferroni, P < 0.01; n = 3). The ALP activity was dose-dependently restored by N-acetyl cysteine up to levels equivalent to control cells (Fig. 4C) . The von Kossa positive areas in the culture of cells that had been exposed to the extract (49.3 ± 0.94%) decreased by 40% compared to the cells that were not exposed to the resin extract (81.4 ± 0.62%; Bonferroni, P < 0.01; n = 3; Fig. 4D,E) , which was microscopically confirmed by the limited von Kossa positive staining (Fig. 4D) . The culture of cells exposed to N-acetyl cysteine-supplemented extract maintained von Kossa positive areas up to approximately 90% of the control (Fig. 4D,E) and the relatively intense von Kossa staining was detected under a light microscope (Fig. 4D) .
Influence of N-acetyl cysteine exposure on cell viability and function
The majority of cells in the untreated cultures were viable 24 h after seeding (79.9 ± 4.77%). Exposure to the various concentrations of N-acetyl cysteine did not affect the percentage of viable cells (Fig. 5A) . Similarly, there were no significant differences in the percentage of late or early apoptotic cells among the untreated culture and the cultures that had been exposed to the various concentrations of N-acetyl cysteine. On day 2, there was no significant difference in cell proliferation in the cultures exposed to N-acetyl cysteine (Fig. 5B) . On day 8, exposure of the cells to N-acetyl cysteine before seeding did not result in a further increase of the ALP activity (Fig. 5C ). The ALP enzymatic activity was not influenced by Nacetyl cysteine exposure (Fig. 5D ).
Discussion
Dental pulp tissue contains odontoblasts, preodontoblasts, fibroblasts, immunocompetent cells, and dental-pulp stromal cells (DPSCs). DPSCs are derived from postnatal dental pulp tissue, and have the capacity to differentiate into odontoblast-like cells 16, 17 that exhibit dentin-related gene expression and mineralized matrix production in osteoblastic media. [17] [18] [19] [20] [21] We have previously characterized the cells isolated from rat dental pulp tissue, 14 and most populations of the cells are positive for a DPSC membrane-protein marker. Cells cultured with dexamethasone-containing medium exhibited typical odontoblastic phenotypes including the ALP activity, mineralized nodule formation and dentin-related protein gene expression. This study was performed under similar culture conditions as that in the previous study. Therefore, we defined the rat dental pulp tissuederived cells as odontoblast-like cells in this study.
This study demonstrated that both cell viability and odontoblast-like differentiation of the odontoblast- like cells were impaired by a 1-h exposure to a PMMA resin extract. Exposure to the PMMA resin extract caused cell death and the appearance of cellular apoptotic indicators in most cell populations. Although the cells subsequently proliferated into dense colonies, the expression of ALP activity and matrix mineralization were notably restricted. This suggested that pre-exposure to the resin extract, even for a short period of time, influenced the culture from initial to the mature stages of odontoblast-like cell differentiation. More importantly, N-acetyl cysteine supplementation of the extract provided the cells with considerable protection, enabling the recovery of the cell viability and function to a level comparable to the control cultures. The oxidative stress occurring from an imbalance between intracellular ROS and the antioxidant redox system is considered an important mechanism underlying the adverse effects of the resin extract on tissue and/or cells. 2, 8, [22] [23] [24] The intracellular level of ROS can be excessively increased by exogenous stimulation with UV light, ionizing radiation, or various chemicals including resin substances, 2, 25 which deplete the intracellular level of the antioxidant glutathione, a nonenzymatic and a direct ROS scavenger. The generation of excessive amounts of ROS is considered to cause adverse biological effects not only by directly injuring cellular components 2,26-29 but also by indirectly regulating the signaling pathways inducing apoptosis. 8, 22, 24 For example, cell death caused by methacrylate is predominantly due to apoptosis supported by the activation of caspases. 30 In fact, the induction of apoptosis characterized by the caspase 3/7 activation was seen with the intracellular redox imbalance consisting of the increased ROS production and decreased intracellular glutathione. Recently, it has been reported that triethylene glycol dimethacrylate (TEGDMA) may disturb the protein kinase-B phosphorylation (PKB)/Akt, 24 which is a key element in cell survival, cell-cycle pathways, protein synthesis, and metabolism. The detailed cellular and molecular mechanisms underlying the cytotoxicity of PMMA resin will be of great interest to pursue in future studies.
Redox
We confirmed that N-acetyl cysteine can compensate for reduced glutathione levels in a dose-dependent manner. N-Acetyl cysteine is a membrane-permeable cysteine derivative and is metabolized into the glutathione precursor L-cyctein. 10, 13 Therefore, N-acetyl cysteine can function as a glutathione supply source to compensate for the intracellular glutathione level depleted by excessive amounts of ROS and to maintain the balance of the antioxidant redox system. 13 N-Acetyl cysteine is also reported to improve methacrylateinduced effects on fibroblasts such as apoptosis, micronuclei generation, DNA base sequence defects, and cell-cycle arrest. 2, 31, 32 Moreover, it is hypothesized that Nacetyl cysteine affects the sulfhydryl residuals of intracellular redox-sensitive molecules such as activator protein-1 (AP-1) and nuclear factor kappa B (NF-κB). 2, 33 Interestingly, these transcriptional factors act in mitogenactivated protein kinase (MAPK) pathways, and are suggested to play a key role in mediating cell survival or differentiation. [34] [35] [36] In fact, a recent study demon strated that N-acetyl cysteine inhibits 2-hydroxyethyl methacrylate (HEMA)-induced apoptotic cell death and restores the function of dental-pulp stromal and oral epithelial cells by increasing NF-κB activity. Although the one-time exposure of the cells to N-acetyl cysteine did not enhance odontoblast-like cell function in the present study, our previous study showed that N-acetyl cysteine treatment increased ALP positive area of the culture where N-acetyl cysteine was continuously applied every 3 days. 9 It will be interesting to explore the pharmacodynamic characterization of N-acetyl cysteine on these transcriptional factors and odontoblast-like cell phenotypes.
Autopolymerized PMMA dental resin is frequently loaded directly on prepared abutment teeth to fabricate temporary crowns despite the consistent release of chemicals from the resin during and after polymerization, which has led to the concern that pulp tissue may be exposed to the toxicity of resin chemicals through dentinal tubules. 1, 2 From this perspective, the experimental design of this in vitro study, involving exposing odontoblast-like cells to resin extract for a certain time before seeding, was of clinical relevance. This study demonstrated that the adverse biological effects of PMMA resin on dental pulp cells observed under this experimental condition were improved by Nacetyl cysteine, which provides important information for development of more 'bio-friendly' resin products.
